ABSTRACT Engineering the internal structure and chemical composition of nanomaterials in a cost-effective way has been challenging, especially for enhancing their performance for a given application. Herein, we report a general strategy to fabricate hollow nanostructures of ruthenium-based binary or ternary oxides via a galvanic replacement process together with a subsequent thermal treatment. In particular, the as-prepared NiO-RuO2 hollow nanostructures loaded on carbon nanotubes (hNiO-RuO2/CNT) with RuO2 mass ratio at 19.6% for a supercapacitor adopting the KOH electrolyte exhibit high specific capacitances of 740 F g −1 at a constant current density of 1 A g −1 with good cycle stability. The specific capacitance for hNiO-RuO2/CNT electrodes maintains 638.4 F g −1 at a current density of 5 A g −1 . This simple approach may shed some light on the way for making a wide range of metal oxides with tunable nanostructures and compositions for a variety of applications.
INTRODUCTION
A pesudocapacitor works based on the reversible Faradaic reactions (redox reactions) taking place on the electrode materials. However, chemical reactions are not 100% reversible even for the best combination of electrode materials and electrolyte. There are always some residual electrode materials that cannot participate in the reaction process, even after complete discharge. This is an unavoidable loss of active materials, which reduces the value of maximum specific capacitance with the increase of cycle numbers and affects the cycling stability of the pesudocapacitors. Despite the cyclic-stability issue, pesudocapacitors are still appealing due to their appropriate potential windows [1] , higher energy density than that of conventional carbon materials, and better stability than conductive polymers [2] [3] [4] [5] [6] [7] .
Transition metal oxides are electrochemically active materials that facilitate redox reactions for charge build-up at the electrodes of pesudocapacitors [8] [9] [10] . Among various transition metal oxides as electrodes for supercapacitors, ruthenium dioxide (RuO 2 ) has been extensively studied because of its remarkably high theoretical specific capacitance, wide potential window, highly reversible redox reactions, good thermal stability, long cycle life, metallictype conductivity, and high rate capability [11] [12] [13] [14] .
Increasing the specific surface areas and alloying/incorporating with other inexpensive transition metals are two effective ways to improve the performance of RuO 2 as electrode materials for supercapacitors. The former is capable for providing more active centers for the multiple redox reactions, which usually translates to the high specific capacitance, while the latter could not only significantly reduce the quantity of RuO 2 required in the electrode layer, favorable for the practical utilization of valuable ruthenium metals, but also improve the overall capacitive behavior by making use of the possible synergistic effect between different metal oxides. A number of strategies, such as depositing RuO 2 films on substrates with a rough surface [15] [16] [17] , coating a thin RuO 2 film on high-surface-area materials [18, 19] , making nanometer-sized oxide electrodes [20, 21] , and decorating RuO 2 particles with transition metal oxides [22] [23] [24] [25] [26] , have been explored to maximize the surface area of RuO 2 , and reduce the Ru usage. Unfortunately, despite these intriguing achievements, a number of challenges remain to be addressed before the RuO 2 can be commercially used as electrode materials for a supercapacitor. Typically, the surface area is usually difficult to tailor, and the strain developed in the RuO 2 during the charge/discharge processes often causes the cracking of the electrode, leading to poor long-term stability [27, 28] .
In this work, a general approach based on the combination of the galvanic replacement process with a subsequent thermal treatment was developed to generate carbon (C) or carbon nanotube (CNT)-supported hollow nanostructures of ruthenium-based binary or ternary oxides, labeled as hMO x -RuO 2 /C or hMO x -RuO 2 /CNT, as highly efficient electrodes for supercapacitors. In this strategy, transition metal nanoparticles (TMNPs) including Co, Cu, Fe, Ni, or CuNi were first prepared in an organic solvent, and they were then used as seeds in a galvanic replacement process to react with Ru ion precursors for the preparation of binary or ternary M-Ru nanoparticles with hollow interiors (hM-RuNPs). Subsequently, the as-prepared binary or ternary hM-RuNPs were loaded on the C or CNT supports and heated at elevated temperature under air to convert the metals into metal oxides for the generation of hMO x -RuO 2 /C or hMO x -RuO 2 /CNT electrode materials. Advantageously, the hollow interiors not only provide a large electrochemical active surface area for fast and reversible Faradaic reactions, but also facilitate the proton transport in the MO x -RuO 2 shell by shortening the diffusion distance, while the carbon or carbon nanotube supports serve as an excellent conductor for fast electron transfer, and is helpful to maintain the high surface area of binary or ternary metal oxide nanoparticles by preventing them from aggregation. As a result of this unique structure, the final hMO x -RuO 2 /C or hMO x -RuO 2 /CNT exhibits improved performance as electrode materials for supercapacitors using KOH as electrolyte. In addition, the hollow interior may benefit the long-term stability of the metal oxide nanoparticles by relieving the strain effect developed during the charge-discharge process.
MATERIALS AND METHODS

General materials
The chemical reagents, including ruthenium(III) chloride (RuCl 3 , Ru content 45-55%), cupper(II) acetylacetonate (Cu(acac) 2 , 97.5%), nickel(II) acetylacetonate (Ni(acac) 2 , 97.5%), cobalt(II) acetylacetonate (Co(acac) 2 , 97.5%) and iron(III) acetylacetonate (Fe(acac) 3 , 97.5%) and oleylamine (70%, technical grade) from Sigma-Aldrich, potassium hydroxide (KOH, 99%), ethanol (99.5%), methanol (99%), and toluene (99.5%) from Beijing Chemical Works, stainless steel gauze (200 mesh woven from 0.05 mm diameter wire) and commercial ruthenium(IV) oxide hydrate (RuO 2 ·xH 2 O, 54% Ru) with product number of 346088 from J&K Scientific Ltd., Vulcan XC-72 carbon powders with a BET surface area of 250 m 2 g −1 and an average particle size of 40-50 nm (XC-72C) from Cabot Corporation, carbon black with a BET surface area of 62 m 2 g −1 (SUPER C65) from Swiss Timcal Ltd., and polytetrafluoroethylene (PTFE, 60 wt.% aqueous dispersion) and multi-walled carbon nanotubes (CYL2-60) with a diameter of 40-60 nm, a length of 1-2 μm and a specific surface area of 100-150 m 2 g −1 from Shanghai Aladdin Bio-Chem Technology Co., Ltd., were used as received. Deionized water was produced by a Milli-Q Ultrapure-water purification system. All glassware and Teflon-coated magnetic stir bars were cleaned with aqua regia, followed by copious washing with de-ionized water before drying in an oven.
Synthesis of the transition metal (Co, Cu, Fe, Ni, CuNi) nanoparticles In a typical synthesis of a monometallic or bimetalic transition metal nanoparticles, 102.8 mg of Ni(acac) 2 , 104.7 mg of Cu(acac) 2 , 102.9 mg of Co(acac) 2 , 141.3 mg of Fe(acac) 3 , or a mixture consisting of 51.4 mg of Ni(acac) 2 and 52.4 mg of Cu(acac) 2 was added to 20 mL of oleylamine in a threenecked flask fitted with a condenser and a stir bar. The solution was heated and kept at target temperature (160°C for Ni, Co and Fe, 190°C for Cu, and 190°C for CuNi) under flowing N 2 for 2 h for the reduction of transition metal ions by oleylamine. After reaction, the monometallic or bimetallic transition metal nanoparticles were purified by precipitation with methanol, centrifugation, washing with methanol, and re-dispersed in 20 mL of toluene. the completion of the replacement reaction between transition metal nanoparticles and Ru ion precursors. After reaction, the as-obtained binary or ternary M-Ru nanoparticles with hollow interiors, labeled as hM-RuNPs, were purified by precipitation with methanol, centrifugation, washing with methanol, and re-dispersed in 20 mL of toluene.
Loading the hM-RuNPs on carbon or carbon nanotube supports For the loading of the hM-RuNPs on the Vulcan XC-72 carbon or CYL2-60 carbon nanotube supports, 30 mg of carbon powder or CNT was added to the toluene solution of hM-RuNPs. After stirring the mixture for 24 h, the hM-RuNPs supported on C or CNT labeled as hM-Ru/C or hM-Ru/CNT were collected by centrifugation, washed thrice with ethanol, and then dried at room temperature in vacuum.
Synthesis of the hMO x -RuO 2 /C or hMO x -RuO 2 /CNT The hM-Ru/C and hM-Ru/CNT as-prepared above were heated at 350°C in air for 6 h to convert the transition metals and Ru into their oxide states (MO x and RuO 2 ) for the generation of the final hMO x -RuO 2 /C or hMO x -RuO 2 /CNT electrode materials.
Particle characterizations
Transmission electron microscopy (TEM), high-resolution TEM (HRTEM) and scanning TEM (STEM) were performed on the JEOL JEM-2100 and FEI Tecnai G 2 F20 electron microscope operating at 200 kV with supplied software for automated electron tomography. For the TEM measurements, a drop of the particle solution was dispensed onto a 3-mm carbon-coated copper grid (or molybdenum grid for the samples containing copper). Excessive solution was removed by an absorbent paper, and the sample was dried under vacuum at room temperature. An energy dispersive X-ray spectroscopy (EDX) analyzer attached to the TEM was used to determine the element distributions in the hollow structured nanoparticles. The mean particle size, the average thickness of the shells, and the standard deviations were calculated from a few randomly chosen areas in the TEM image containing approximately 100 nanoparticles each. The metal contents were measured using inductively coupled plasma atomic emission spectrophotometry (ICP-AES, Optima 5300DV, Perkin Elmer). X-ray photoelectron spectroscopy (XPS) was conducted on a VG ESCALAB MKII spectrometer. Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku D/Max-3B diffractometer, using Cu Kα radiation (λ=1.54056 Å). Samples for XPS and XRD analyses were concentrated from the toluene solution of nanoparticles to 0.5 mL using flowing N 2 . Ten milliliters of methanol was then added to precipitate the nanoparticles, which were recovered by centrifugation, washed with methanol, and then dried at room temperature in vacuum.
Fabrication of the electrode and the electrochemical measurements
The working electrodes were fabricated by mixing the as-prepared hollow oxides (hCoO-RuO 2 /C, hCoO-RuO 2 /CNT, hCuO-RuO 2 /C, hCuO-RuO 2 /CNT, hFe 2 O 3 -RuO 2 /C, hFe 2 O 3 -RuO 2 /CNT, hNiO-RuO 2 /C, hNiO-RuO 2 /CNT, hCuNiO-RuO 2 /C, or hCuNiORuO 2 /CNT) or commercial RuO 2 , carbon black, and polytetrafluoroethylene (PTFE) with a mass ratio of 85/10/5. The mixture was dispersed in small amount of ethanol for the formation of paste, and was then pressed into slices and dried at 100°C for 10 h in vacuum. Subsequently, the slices were coated onto the stainless steel gauzes under the pressure of 10 MPa to obtain the electrode. The mass of as-prepared hMO x -RuO 2 /C or hMO x -RuO 2 /CNT coated on the stainless steel gauze was 4.0 mg.
All of the electrochemical measurements were carried out using a two electrode setup: the stainless steel gauzes that coated with hMO x -RuO 2 /C or hMO x -RuO 2 /CNT was used as the working electrode, and the coin-cells (20 mm in diameter and 1.6 mm in thickness) fabricated with polypropylene membrane (purchased from NKK, 45 μm in thickness) were used as the separator. The cells were aged for 24 h before measurement. The measurements were performed in 6 mol L −1 aqueous KOH electrolyte at room temperature. Cyclic voltammetry (CV), galvanostatic charge-discharge test, and electrochemical impedance spectroscopy (EIS) measurements were obtained using a CHI650 electrochemical workstation. CV tests were done between 0 and 1.2 V at the scan rates of 20, 50, 100, and 200 mV s −1 . Charge-discharge cycling tests at a constant current mode between 0 and 1 V and the rate capability at current densities of 0.5, 1, 2, 5 A g −1 were performed on a computer controlled Land battery tester. EIS measurements were conducted over the frequency range from 100 kHz to 10 mHz. The specific capacitance of the electrode can be calculated using the following equation:
where C is the specific capacitance (F g −1 ), I is the response current density (A g −1 ), t is the discharge time (s), ΔV is the potential (V), and m is the mass of the electroactive materials in the electrodes (g). Fig. 1 schematically shows the overall strategy for the formation of hMO x -RuO 2 /C or hMO x -RuO 2 /CNT electrode materials. Monometallic or bimetallic TMNPs were firstly synthesized by reducing their single or mixed acetylacetonate precursors in oleylamine, which serves as solvent, capping surfactant and reducing agent [29] [30] [31] . The TMNPs thus obtained were then used as seeds for the subsequent replacement reaction with ruthenium (Ru) ions. The TEM and HRTEM images of the TMNPs as-prepared in oleylamine are shown in Fig. S1 (Supplementary information (SI)). As displayed, these TMNPs are quasi-spherical, nearly dispersed, and have an average diameter of ca. 20.8 nm for Co, 29.8 nm for Cu, 16.2 nm for Fe, 31.6 nm for Ni, and 40.6 nm for CuNi, respectively. The successful preparation of the TMNPs was confirmed by heir XPS analyses (Fig. S2) . The 2p spectra of all the TMNPs can be de-convoluted into two pairs of doublets. The more intense doublet (at 778.5 and 794.6 eV for Co, 933.1 and 952.8 eV for Cu, 707.0 and 720.1 eV for Fe, 852.8 and 870.1 eV for Ni, 932.0 and 951.8 eV for Cu in bimetallic CuNi, and 853.4 and 870.6 eV for Ni in bimetallic CuNi, respectively) corresponds to the transition metals at zero valent state, while the second and weaker doublet, with binding energies higher than those of zero valent transition metals could be assigned to Co, Cu, Fe, and Ni at oxidized state, e.g., CoO, CuO, Fe 2 O 3 , and NiO [32, 33] . In addition, for Co, Cu and Ni, the satellite peaks in their XPS spectra are also observed [34, 35] . As displayed in Fig. 1 , in the strategy developed in this work, the preparation of binary or ternary hM-RuNPs is an important step preceding the fabrication of hMO x -RuO 2 /C or hMO x -RuO 2 /CNT electrode materials. The binary or ternary hM-RuNPs were synthesized using a seed-mediated growth method at elevated temperature. The replacement reaction between TMNPs and the Ru ion precursors in oleylamine can be described as 3M + xRu
RESULTS AND DISCUSSION
, where M means transition metals at zero valent state. Pure TMNPs are transformed into alloy shells composed of corresponding transition metal and Ru by galvanic replacement [36] [37] [38] . Actually, the real process occurred in the solution is more complicated. In addition to the replacement reaction between TMNPs and Ru precursors, it also involves the oleylamine reduction of transition metal ions generated from galvanic replacement, the reduction of Ru ions added to the solution, and perhaps the alloying between Ru and transition metal atoms. Overall, these closely knitted reactions collectively facilitate the formation of binary or ternary nanoshells consisting of Ru and corresponding transition metals.
The typical TEM and HRTEM images of the as-prepared hM-RuNPs are shown in Figs 2a 1 -e 1 and 2a 2 -e 2 , respectively, in which the hollow interiors could be clearly discerned by the strong brightness contrast between central and surface regions. These binary and ternary hM-RuNPs have an average size of ca. 14.2 nm for hCo-RuNPs, 18.6 nm for hCu-RuNPs, 16.4 nm for hFe-RuNPs, 23.8 nm for hNi-RuNPs, and 34.4 nm for hCuNi-RuNPs, respectively. Except for the hFe-RuNPs, which remain same size as their Fe seeds, the as-prepared hM-RuNPs are smaller in diameter in comparison with their corresponding transition metal seed particles. The alloy nature in the shells of the binary and ternary hM-RuNPs could be confirmed by the distributions of transition metals and Ru in the binary and ternary hM-RuNPs, which were analyzed by EDX under the high-angle annular dark-field scanning TEM (HAADF-STEM) mode. As demonstrated by Figs 2a 3 -a 6 for hCo-RuNPs, 2b 3 -b 6 for hCu-RuNPs, 2c 3 -c 6 for hFe-RuNPs, 2d 3 -d 6 for hNi-RuNPs, and 2e 3 -e 7 for hCuNi-RuNPs, respectively, the nanoscale elemental mappings reveal that the corresponding transition metals and Ru are distributed uniformly in the shell regions. The elemental mapping assays are well in accord with the line scanning analyses of a number of hM-RuNPs in the HAADF-STEM mode (Figs 2a 7 for hCo-RuNPs, 2b 7 for hCu-RuNPs, 2c 7 for hFe-RuNPs, 2d 7 for hNi-RuNPs, and 2e 8 for hCuNi-RuNPs, respectively), which also show the uniform distribution of the corresponding transition metals and Ru throughout the shells of hM-RuNPs. The average thickness of the shells and their standard deviations, which are calculated directly from the TEM images, are 1.6 nm and 0.31 nm for hCo-RuNPs, 1.3 nm and 0.22 nm for hCu-RuNPs, 1.5 nm and 0.41 nm for hFe-RuNPs, 2.2 nm and 0.55 nm for hNi-RuNPs, and 3.4 nm and 0.98 nm for hCuNi-RuNPs, respectively. Furthermore, the HRTEM images (Figs 2a 2 -e 2 ) not only indicate the presence of Figure 2 TEM images (a1-e1), HRTEM images (a2-e2), elemental mapping analyses (a3-a6, b3-b6, c3-c6, d3-d6, e3-e7), and element profiles (a7-d7, e8) of binary Co-Ru (a1-a7), Cu-Ru (b1-b7), Fe-Ru (c1-c7), Ni-Ru (d1-d7), and ternary CuNi-Ru hollow structured nanoparticles (e1-e8) synthesized in oleylamine via galvanic replacement between TMNPs and Ru ion precursors.
hollow interiors in the hM-RuNPs, but also reveal the additional structural details. The discontinuous feature of the alloy shell could be clearly identified. The formation of the discontinuous alloy shells is important, as it permits the access of the inner surfaces for the occurrence of multiple redox reactions.
After aging the mixture of hM-RuNPs in toluene and carbon or carbon nanotube for 24 h at room temperature, the nanoparticles could be efficiently loaded on the carbon or carbon nanotube supports, leaving behind a clear toluene phase. The representative TEM images (Figs 3a, e, i supported hCo-Ru, hCu-Ru, hFe-Ru, hNi-Ru, and hCuNi-Ru, respectively) show that the binary and ternary hM-RuNPs are dispersed very well on the carbon or carbon nanotube supports. Subsequently, the hM-Ru/C and hM-Ru/CNT were subjected to calcination at 350°C in air for 6 h to convert the transition metals and Ru in the nanoshells into their oxidized states for the generation of final hMO x -RuO 2 /C or hMO x -RuO 2 /CNT electrode materials.
We employed carbon-supported hM-RuNPs as the typical examples to carry out the XPS examinations, which were used to determine the chemical states of the transition metals and Ru before and after calcination. The XPS results of Ru in hM-RuNPs before and after calcination are shown in Fig. 4 . Because the Ru 3d 3/2 peak overlaps with the C 1s peak in XPS spectra, preventing an unambiguous analysis of the nanoparticle surface, the Ru 3p XPS peak is used instead. As shown in Figs 4a, c, e, g, and i for the XPS spectra of the Ru in hCo-Ru, hCu-Ru, hFe-Ru, hNi-Ru, and hCuNi-Ru before calcination, the doublets at 461.9-462.5 eV and 484.2-484.8 eV are signatures of Ru metal in the zero valent state [32] . However, after calcination in air, the doublets at 463.6-463.9 eV and 486.1-486.4 eV for the Ru in hM-RuNPs, which reflect the Ru at oxidized state, e.g., RuO 2 [32, [39] [40] [41] , can fit for the XPS spectra very well (Figs 4b, d , f, h, and j for the XPS spectra of the Ru in hCo-Ru, hCu-Ru, hFe-Ru, hNi-Ru, and hCuNi-Ru after calcination), indicating that the complete conversion from Ru to RuO 2 has been achieved upon the thermal treatment of hM-RuNPs in air at elevated temperature. The XPS spectra of the corresponding transition metals in hM-RuNPs before and after calcination are shown in Fig. S3 . As displayed, all transition metals have been partially oxidized before calcination because they are susceptible to oxidation (Figs S3a, c, e, g, i, and l for Co in hCo-Ru, Cu in hCu-Ru, Fe in hFe-Ru, Ni in hNi-Ru, Cu in hCuNi-Ru, and Ni in hCuNi-Ru, respectively). However, after calcination, the XPS peaks associated with the zero valent state disappeared, as exhibited in Figs S3b, d , f, h, j, and m for Co in hCo-Ru, Cu in hCu-Ru, Fe in hFe-Ru, Ni in hNi-Ru, Cu in hCuNi-Ru, and Ni in hCuNi-Ru, respectively, suggest the successful conversion for the transition metals from zero valent metal to metal oxides, e.g., CoO, CuO, Fe 2 O 3 , and NiO [32, 42] .
In addition, the transformation for the transition metals and Ru from zero valent states to their oxidized states on the carbon or carbon nanotube supports could be further confirmed by XRD analyses. The XRD patterns of hM-Ru/C and hM-Ru/CNT before and after calcination in air are shown in Figs S4 and 5, respectively. As indicated, the homogeneously mixed crystal lattices, which indicate the formation of alloy nanoshells, in the XRD patterns for the hM-Ru/C and hM-Ru/CNT before calcination (a, c, e, g, and i in Figs S4 and 5 for hCo-Ru, hCu-Ru, hFe-Ru, hNi-Ru, and hCuNi-Ru, respectively) have been converted into mixed phases consisting of corresponding face-centered cubic (for CoO), monoclinic (for CuO), cubic (for Fe 2 O 3 ), or hexagonal (for NiO) transition metal oxides and tetragonal RuO 2 after thermal treatment (b, d, f, h, and j in Figs S4 and 5 for hCo-Ru, hCu-Ru, hFe-Ru, hNi-Ru, and hCuNi-Ru, respectively).
The mass ratios of the transition metal oxides and RuO 2 in the final hMO x -RuO 2 /C and hMO x -RuO 2 /CNT were determined by ICP-AES, and the results were summarized in Table S1 . As shown, the hCuO-RuO 2 and hCu 0.6 Ni 0.4 O have lower contents of MO x in comparison with those in other hollow nanostuructures. The complexity in the synthesis process, which involves the replacement reaction between TMNPs and Ru precursors, the oleylamine reduction of transition metal ions generated from galvanic replacement, the reduction of Ru ions added to the solution, and the alloying between Ru and transition metal atoms, may account for the different composition in the final hollow products. In specific, a molar ratio of 6/4 is obtained for the Cu and Ni in ternary hCuNiO x -RuO 2 /C or hCuNiO x -RuO 2 /CNT product, which is slightly higher than the Cu/Ni precursor ratio (1/1) used to produce bimetallic CuNi seed particles.
The TEM images of the final hMO x -RuO 2 /C and hMO x -RuO 2 /CNT products are also exhibited in Fig.  3 (b, f, j, n, and r for carbon-and d, h, l, p, and t for carbon nanotube-supported hCoO-RuO 2 , hCuO-RuO 2 , hFe 2 O 3 -RuO 2 , hNiO-RuO 2 , and hCu 0.6 Ni 0.4 O-RuO 2 , respectively), which manifest that the resulting binary and ternary hMO x -RuO 2 nanoparticles in the final products have the same size, size distribution, and hollow interiors as those of their hollow structured alloy precursors. In addition, the well dispersion of hMO x -RuO 2 on the carbon or carbon nanotube supports is also maintained after calcination at elevated temperature in air.
The final hMO x -RuO 2 /C and hMO x -RuO 2 /CNT products were examined as electrode materials for a supercapacitor and benchmarked with the commercial RuO 2 ·xH 2 O from J&K Scientific Ltd. The a and c series in Fig. 5 show the CVs of the as-prepared hMO x -RuO 2 nanoparticles and commercial RuO 2 supported on carbon (Figs 5a 1 , a 2 , a 3 , a 4 , a 5 , and a 6 ) and carbon nanotubes (Figs 5c 1 , c 2 , c 3 , c 4 and c 4 , respectively) exhibit much higher current densities than those of other carbon or carbon nanotube-supported hMO x -RuO 2 and commercial RuO 2 samples, suggesting that they have higher electrochemical capacitance.
The specific capacitances calculated from the CV loops for the hMO x -RuO 2 /C, hMO x -RuO 2 /CNT, and commercial RuO 2 samples, which are summarized in Table S2 , exhibit decreased trend with the increase of scan rates owing to the limited rate of ion diffusion at high scan rates. As evinced, the specific capacitances of most hMO x -RuO 2 products are comparable with that of commercial RuO 2 samples, particularly at high scan rates, although the mass ratios of RuO 2 in these binary or ternary hollow structures are less than 40%. In particular, the specific capacitance value for the supercapacitors based on hNiO-RuO 2 /CNT electrode can reach 947.1 F g −1 (based on total mass of metal oxides) at scan rate of 20 mV s −1 . This value is much higher than the recent data reported for RuO 2 Figure 5 Cyclic voltammograms of hCoO-RuO2 (a1, c1), hCuO-RuO2 (a2, c2), hFe2O3-RuO2 (a3, c3), hNiO-RuO2 (a4, c4), hCu0.6Ni0.4O-RuO2 (a5, c5), and commercial RuO2 (a6, c6) supported on carbon (a1, a2, a3, a4, a5, a6) and carbon nanotubes (c1, c2, c3, c4, c5, c6) at different scan rates; galvanostatic chargedischarge curves of hCoO-RuO2 (b1, d1), hCuO-RuO2 (b2, d2), hFe2O3-RuO2 (b3, d3), hNiO-RuO2 (b4, d4), hCu0.6Ni0.4O-RuO2 (b5, d5), and commercial RuO2 (b6, d6) supported on carbon (b1, b2, b3, b4, b5, b6) and carbon nanotubes (d1, d2, d3, d4, d5, d6) at different current densities.
nanowires [24] , 590 F g −1 for the Co 3 O 4 @RuO 2 nanosheet arrays on carbon cloth [25] , 905 F g −1 for the RuO 2 nanoparticle decorated mesoporous Co 3 O 4 nanosheet [26] , 620 F g −1 for the Ru-Co mixed oxide deposited on single-walled carbon nanotubes [43] , and 710 F g −1 for the SnO 2 -RuO 2 composite films (based on pure RuO 2 not the total composite) [44] . Even at a high scan rate of 200 mV s −1 , the hNiO-RuO 2 /CNT electrode still yields a high capacitance of 533.9 F g −1 . The better capacitive behavior of hMO x -RuO 2 /C and hMO x -RuO 2 /CNT products in comparison with that of other RuO 2 -based electrodes and commercial RuO 2 might be attributed to the large surface area of the hollow structures, where the discontinuous shells allow the internal surface of the binary and ternary hMO x -RuO 2 nanoparticles to be accessible for the multiple redox reactions. In addition, the relatively short diffusion distance for the ions in the thin shell of hMO x -RuO 2 samples would also be helpful for enhancing the electro-active sites.
It is noteworthy that although carbon nanotubes usually have superior electronic conductivity, the binary or ternary hollow nanostructures supported on them do not always show higher specific capacitance than that of their counterparts supported on carbon powders. This is because in addition to the electronic conductivity of the supports, the specific capacitance is also associated with the interaction between active materials and substrates and the dispersity of the active materials on the surface of substrates.
To further identify the electrochemical performance of all carbon and carbon nanotube-supported hMO x -RuO 2 products as electrodes for supercapacitors, the galvanostatic charge-discharge measurements were conducted at current densities of 0.5, 1, 2, 5, and 10 A g −1 . As shown in b and d of Fig. 5 for the galvanostatic charge-discharge curves of hMO x -RuO 2 and commercial RuO 2 samples supported on carbon and carbon nanotubes, respectively, the almost triangular shapes at each current density indicate their good electrochemical reversibility within a stable potential window of 0-1.2 V because of the high degree of symmetry in charge and discharge. In specific, for the hNiO-RuO 2 /C (Fig. 5b 4 ) and hNiO-RuO 2 /CNT samples ( Fig. 5d 4 ) , slight plateaus appearing during the charge-discharge process further verify their pseudo-capacitance behavior, which corresponds well with the CV curves.
Figs 6a and b show the specific capacitances of hMO xRuO 2 and commercial RuO 2 supported on carbon and carbon nanotubes at the current density of 0.5, 1, 2, and 5 A g −1 , respectively, which are calculated based on the total mass of oxides. The specific capacitances measured at different current densities for hMO x -RuO 2 and commercial RuO 2 supported on carbon or carbon nanotubes are listed in Table S3 . Again, the hNiO-RuO 2 /C and hNiORuO 2 /CNT exhibit higher capacitances at all current densities (758. 8, 686.4, 625.8, 550 .0 F g −1 for hNiO-RuO 2 /C and 792.1, 740.0, 704.5, and 638.4 F g −1 for hNiO-RuO 2 /CNT at current density of 0.5, 1, 2, and 5 A g −1 , respectively) than those of other hMO x -RuO 2 as well as the commercial RuO 2 supported on the same substrates. The optimized microstructure in terms of nano-channels in the particle shell, shell thickness, and surface morphology, interaction and mass ratio between RuO 2 and transition metal oxide, and the distribution of the hollow oxides over the substrates may account for the superior specific capacitance for this sample.
The cycle life is another important factor for evaluating the performance of electrode materials for a supercapacitor. The comparison of the long-term cycling performance of the electrode materials at constant current density of 1 A g −1 is illustrated in Figs 6c and d for carbon and carbon nanotube as substrates, respectively. The specific capacitance retention ratios after 2000 cycles, which are calculated from Figs 6a and b, are presented in Table  S4 . As shown, except for hNiO-RuO 2 /C and hCu 0.6 Ni 0.4 ORuO 2 /C, which have 88.2% and 85.6% retention of their ini- tial capacitances, other hMO x -RuO 2 /C and hMO xRuO 2 /CNT electrode materials exhibit excellent stability with at least 91.2% retention of the initial capacitance (hFe 2 O 3 -RuO 2 /C). These retention ratios at constant current density are comparable and even better than those of the commercial RuO 2 supported on carbon (94.5%) or carbon nanotubes (97.2%). In particular, the specific capacitance retention ratios after 5000 cycles for hCoO-RuO 2 /C, hCoO-RuO 2 /CNT, hNiO-RuO 2 /C, and hNiO-RuO 2 /CNT were also tested, which are 93.9%, 94.1%, 88.0% and 89.8%, respectively, as exhibited by Fig.  S6 . The high cycling stability might have also benefited from the hollow interiors of the binary or ternary metal oxides, which could alleviate the strain effect developed during the frequent charge-discharge process. The specific power density (P) and energy density (E) were calculated using the following equations:
where P and E are the specific power density (kW kg −1 ) and energy density (W h kg −1 ), respectively, V is the maximum potential (V), R is the equivalent series resistance (Ω), m is the mass of the electro-active materials in the capacitor (g), and C is the specific capacitance (F g −1 ). As listed in Table  S5, Table S5 . Notably, there are two features could be observed from Table S5 : the samples supported on carbon nanotubes have lower series resistances than those of the same supported on carbon substrates; the hNiO-RuO 2 /CNT has the lowest series resistance among all electrode materials. Therefore, the supercapacitor based on hNiO-RuO 2 /CNT has the highest power and energy densities, which are 132.4 W kg −1 and 158.4 Wh kg −1 , respectively, essentially in keeping with its high specific capacitance.
Figs 6e and f show the Nyquist plots of the hMO x -RuO 2 and commercial RuO 2 supported on carbon and carbon nanotubes, respectively, measured by EIS, which illustrate the frequency response of the electrode/electrolyte system. In the low-frequency area, the line slope in the EIS plots indicates Warburg impedance, which is caused by ionic diffusion, and could be governed by the physical characters of the electrode materials, e.g., particle size, specific surface area, and diffusion distance. The more vertical the curve, the more closely the supercapacitor behaves as an ideal capacitor. As shown in the Nyquist plots, in the low-frequency area the curves of the hCoO-RuO 2 /C and hNiO-RuO 2 /C (Fig. 6e) as well as the hCoO-RuO 2 /CNT and hNiO-RuO 2 /CNT (Fig. 6f) are more vertical to the x axis than those of other carbon or carbon nanotube-supported hollow oxides and commercial RuO 2 , indicating a significant enhancement of the charge transport in hCoO-RuO 2 /C, hNiO-RuO 2 /C, hCoO-RuO 2 /CNT, and hNiO-RuO 2 /CNT electrodes. In the high-frequency area, the interception of the curve in the real part Z' indicates the bulk resistance of the electrochemical system. Obviously, the hNiO-RuO 2 /C and hNio-RuO 2 /CNT electrodes display very low bulk resistance.
Finally, as a vivid demonstration of the application of these hollow structured binary or ternary metal oxides, we fabricated three symmetric cells, which were consisted of hCoO-RuO 2 /C, hCuO-RuO 2 /C, and hNiO-RuO 2 /C electrodes, respectively. These cells were charged at a constant voltage of 1.2 V for 5 min, and then were connected in series to run a white light emitting diode (LED, 5 mm, 3.0 V, 30 mA), as illustrated in Fig. S7 . We noticed that the LED remains very bright even after 30 min of operation, manifesting application potentials of these hollow binary or ternary Ru-based oxides in practical supercapacitors.
CONCLUSION
In summary, we reported a general approach based on the combination of the galvanic replacement process with a subsequent thermal treatment to produce carbon or carbon nanotube-supported hollow nanostructures of Ru-based binary or ternary oxides as highly efficient electrodes for supercapacitors. This strategy involves the synthesis of the transition metal nanoparticles including Co, Cu, Fe, Ni, or CuNi, and subsequent replacement reaction with Ru ion precursors for the preparation of binary or ternary hollow nanostructures composed of corresponding transition metal and Ru, which are then loaded on carbon or carbon nanotube substrates and subjected to a thermal treatment in air to generate binary or ternary Ru-based metal oxides with hollow interiors. The as-prepared Ru-based hollow oxides show superior performance as electrodes for a supercapacitor. Specifically, the binary hollow nanostructures composed of NiO and RuO 2 supported on carbon nanotubes with RuO 2 mass ratio of 19.6% exhibit high specific capacitances of 740.0 F g −1 with good cycle stability at a current density of 1 A g −1 in a symmetric capacitor adopting KOH as electrolyte, much higher than that of commercial RuO 2 supported on the same substrates (620.1 F g −1 ). The hollow interiors formed during the galvanic replacement process not only enhance the electro-active sites by increasing the specific surface area of RuO 2 -based binary and ternary electrodes, but also facilitate the charge transport in the electro-active materials by shortening the diffusion distance. The concept used to fabricate hollow structured binary or ternary Ru-based oxides might be extended to produce other multiple metal oxides as highly efficient electrode materials for a supercapacitor.
